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Berkeley, Calif; and Silver Spring, Md
Objective: The purpose of this study was to review the available literature regarding the biomechanics of the superﬁcial
femoral artery (SFA) and popliteal artery (PA) in patients with peripheral arterial disease (PAD). Stents are one of many
available therapies used to treat patients with PAD. Because stents are permanent implants, they undergo a variety of
deformations as patients go about their daily activities such as walking, sitting in a chair, or climbing stairs. As a part of
the marketing application for United States Food and Drug Administration approval, stents need to be evaluated for
long-term durability under a variety of loading modes. The information available in the literature provides direction for
such evaluation.
Methods:We performed a literature search of the PubMed database looking for “key vessel” and “mechanics” (all ﬁelds) or
“deformation” (all ﬁelds) or “ﬂexion” (all ﬁelds) or “mechanical environment” (all ﬁelds) or “tortuosity” (all ﬁelds) or
“dynamics” (all ﬁelds) or “forces” (all ﬁelds), where the “key vessel” was “Femoral Artery,” “Superﬁcial Femoral Artery,”
“Popliteal Artery,” and “Femoropopliteal.”
Results: Using a decision tree, we found 12 relevant articles that focused solely on the nonradial cyclic deformations
associated with musculoskeletal motion. Despite the many limitations associated with combining these studies, we learned
that under walking conditions, the proximal and mid-SFA deforms, on average, by shortening in the axial direction 4.0%,
by twisting 2.1/cm, and by bending 72.1 mm; the distal SFA and proximal PA deform by shortening in the axial
direction 13.9%, by twisting 3.5/cm, and by being pinched such that the aspect ratio of the lumen changes 4.6%. The
distal PA deforms by shortening in the axial direction 12.3%, by twisting 3.5/cm, by bending 22.1 mm, and by being
pinched such that the aspect ratio of the lumen changes 12.5%.
Conclusions: A review of the current literature reveals heterogeneous study designs that confound interpretation. Studies
included different physiologic settings from young to mature participants, participants with and without disease, and
cadavers. Investigators used a range of imaging modalities and deﬁnitions of arterial segments, which affected our ability
to compile the data as we learned that deformations vary according to the speciﬁc anatomic location within the SFA/PA.
As a result of this analysis, we identiﬁed design considerations for future studies, because although this work has been
valuable and signiﬁcant, there are many limitations with the currently available data such that all we know about the
SFA/PA environment is that we don’t know. (J Vasc Surg 2013;58:804-13.)Despite the abundance of publications on the topics of
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publications of stents used to treat peripheral arterial
disease (PAD) in the SFA/pPA reported fracture rates as
high as 65%.1 These rates are markedly different than
recently reported rates of 3.1%,2 which emphasizes
a disparity in the information available. This is partly
because early-generation stents were not designed to with-
stand the extreme loading environment of the SFA/pPA
given that the loading environment was largely unknown.
Improvements have been made to make stents more
durable, including ﬁner surface ﬁnishes, increased ﬂexi-
bility, and longer lengths that reduce the need for overlap-
ping. However, despite these enhancements, stents still
fracture at a measurable rate.
The clinical signiﬁcance of stent fracture remains
controversial. Studies have reported data suggesting that
stent fractures have a dramatic effect on the patency of
the vessel. For example, Scheinert et al3 reported an
a b
Fig 1. Illustration summarizing (a) anatomic markers used to clinically deﬁne superﬁcial femoral artery (SFA) and
popliteal artery (PA) and subsets and (b) author-deﬁned arterial segments from the authors cited in this review. See
Table I for the author acronym key. See reference 28 for additional breakdown of the popliteal artery. CFA, Common
femoral artery.
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fractures compared with a 41.1% patency rate for those
with stent fractures in ﬁrst-generation stents. Recent
studies of newer-generation stents for SFA/PA have not
consistently reproduced these ﬁndings. Furthermore, not
all stent fractures are equal in severity and clinical effects.
For example, there appears to be different clinical
outcomes when a single strut fracture occurs as compared
to a circumferential ring of fractures or a complete separa-
tion of the stent components. Moreover, although the
same physiologic factors that contribute to stent fracture
can also independently contribute to restenosis,4,5 a direct
causal relationship between stent fracture and clinical
outcomes, such as restenosis, has not been established.
What is clear, however, from this array of information
is the uniqueness of the biomechanical environment of the
SFA/PA compared with other vascular beds. Our suspi-
cion is that it stems from the complex deformations
observed in that region. In addition to the expected
radial distension associated with pulsatile blood ﬂow in
arteries are the nonradial deformations, including twist
(torsion), bending, pinching (radial compression), axial
shortening, and elongation.6 Because these deformationscan negatively affect stents implanted in the SFA/PA,
researchers have begun to investigate the magnitudes of
these deformations during daily activities in patients with
PAD.6-26 This work has been valuable and signiﬁcant,
but there are many limitations with the currently available
data such that we know that we don’t know the SFA/PA
biomechanical environment.
To improve the development and evaluation of stents
and other therapies for treating PAD in the SFA/PA, we
need to have a better understanding of this dynamic vascular
bed. This report describes our review of the available pub-
lished data on the biomechanical environment of the
SFA/PA up to 2012. The reader will be able to take away
an understanding of the current methods of in vivo evalua-
tion, the limitations of those methods, the corresponding
outcomes, and design considerations for future studies.METHODS
This section is divided into four parts: anatomy, where
we deﬁne the SFA/PA; literature search, where we des-
cribe the review; nonradial deformation modes, where
we describe the common deformation modes; and data
Fig 2. A decision tree was used for determining whether an article
had the appropriate subject matter for the review topic.
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outcomes from the available studies.
Anatomy
Preliminary review of the sources revealed no clear
agreement in the deﬁnitions of the different regions of the
vasculature in the leg. Therefore, it was important to deﬁne
the anatomy of interest before initiating the literature search
(Fig 1, a). In the medical literature, the SFA is deﬁned as
“extending from the femoral triangle, starting at the
common femoral artery bifurcation, inferiorly through the
adductor canal (AC) where it truncates at the adductor
hiatus (AH, the exit of theAC).”27Upon exiting theAC, the
PA begins, which continues inferiorly to the popliteal
bifurcation, where the anterior tibial artery branches off. To
facilitate compiling the data into discrete, consistent
segments, we divided the SFA into three regions of equal
length: proximal SFA (pSFA), mid-SFA (mSFA), and distal
SFA (dSFA). The PA was divided into two regions: the
proximal PA (pPA), from theAH to the proximal edge of the
patella, and the distal PA (dPA), down to the center of the
knee joint space and continuing down to the popliteal
bifurcation.28 We then grouped those segments into more
concise components: pSFA/mSFA, dSFA/pPA, and dPA.
Literature search
We searched the PubMed database with the following
search code: “key vessel” and “mechanics” (all ﬁelds) or
“deformation” (all ﬁelds) or “ﬂexion” (all ﬁelds) or
“mechanical environment” (all ﬁelds) or tortuosity” (all
ﬁelds) or “dynamics” (all ﬁelds) or “forces” (all ﬁelds).
The “key vessel” entered for each search was “Femoral
Artery,” “Superﬁcial Femoral Artery,” “Popliteal Artery,”
and “Femoropopliteal.” The search results yielded 573 arti-
cles. Using the decision tree in Fig 2, we determined that 12
of these articles speciﬁcally addressed the nonradial cyclic
deformations of the SFA/PA.4,6-17 The articles not included
consisted of computationalmodeling studies, in vitro studies
comparing stent performance with bench-top models,
studies of wall compliance as a function of disease, studies
of changes in hemodynamics due to motion, and qualitative
assessments of artery deformation.18-23 The group of articles
was further expanded by including relevant articles or
presentations that were referenced by the 12 articles.24-26
In addition, private correspondence with Arundhuti
Ganguly, PhD, (e-mail correspondence, July 2011) and
Alexander Nikanorov, PhD, (e-mail correspondence, July
2011) was used to clarify and supplement published data.
Nonradial deformation modes
As previously mentioned, the goal of the review was to
understand the deformations that are imposed on a stent
implanted in the SFA/PA during daily activities of patients
with PAD. Four nonradial deformation modes werediscussed in the literature and are summarized below: axial
shortening (compression) and elongation, bending,
twisting, and pinching. Note that this review does not
include cyclic radial distension due to blood ﬂow because
this fatigue mechanism is not cited as most critical in
SFA/PA stent fractures.3
Axial shortening and elongation. Axial shortening
and elongation along the length of the vessel is deﬁned
as the normalized change in length of the arterial segment
from a supine position to a certain degree of ﬂexion. Elon-
gation is a positive change in length, whereas shortening is
a negative change in length. The mean, maximum, and
minimum values (with standard deviations) were recorded
when provided by the authors.
Bending. The amount of bending or change in curva-
ture of the vessel is related to the tortuosity of the vessel
and the fulcrum about which the vessel bends. The tortu-
osity of the SFA/PA was characterized by the radius
of curvature, as measured along the centerline of the
vessel over a speciﬁc vessel length. The bending radius
(1/curvature) was chosen as the principal parameter for
comparison due to the direct applicability to bench tests
for stent evaluation. Where possible, all data for this defor-
mation mode were converted to bending radii along the
centerline. The conversions were as follows:
d Average curvature data were inverted and then con-
verted to millimeters.
Table I. List of abbreviations, authors, and references
found during literature searcha
Abbreviation Author and year
AG Ganguly et al,7 2011
AK Klein et al,8 2009
AN 08 Nikanorov et al,9 2008
Nikanorov,25 2008 Stent Summit presentation
AN 11 Nikanorov et al,10 2009
Nikanorov,26 2010 TCT presentation
CC 06 Cheng et al,11 2006
CC 10 Cheng et al,6 2010
JD Diaz et al,12 2004
HS Smouse et al,13 2005
Smouse,24 2004 TCT presentation
NW Wood et al,14 2006
PW Wensing et al,15 1994
RB Brown et al,16 2009
OS Smedby et al,17 1993
TCT, Transcatheter Cardiovascular Therapeutics.
aEntries highlighted in bold are those included in the ﬁnal literature data-
base used in data comparison.
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outer edge of the artery, the magnitude was converted
to centerline data by adding 2 mm, a conservative
approximation of the SFA inner lumen radius.29
When possible, we recorded the average and standard
deviation of the minimum bending radius reported over
a speciﬁed vessel length. Otherwise, we recorded the
mean bending radius or minimum bending radius. The
ranges of the data were also noted, if reported.
Twisting. The amount of twist in an arterial segment
is deﬁned as the change of angular distance between two
branch vessels. Twisting of the vessel was quantiﬁed
between the profunda femoris and descending genicular
artery (DGA) branch vessels and reported as the degree
of twist per length. The mean and standard deviation of
degree/length values were recorded, and the maximum
and minimum strains were noted, if reported.
Pinching. When the vessel is radially compressed due
to muscle contraction such that the cross-section changes
from circular to elliptical, the vessel is being pinched or
locally compressed. Thus, the amount of pinching was
quantiﬁed as a change in the cross-sectional shape of the
arterial segment.
Note that the magnitudes for each mode (except for
bending) were taken directly from the references.
Data organization
The deﬁnitions of the arterial segments for which the
data were reported in the literature were not the same
for each reference; each deﬁnition is shown in Fig 1,
b (see the Anatomy section under Results more details).
Because of the inconsistency, the data were grouped into
three broad categories (pSFA/mSFA, dSFA/pPA, and
dPA in Fig 1, a) to facilitate direct comparison of magni-
tudes across the literature database. The magnitude for
each deformation mode was reported for each arterial
segment based on how the authors deﬁned the arterial
segment for their reported data. The grouping scheme is as
follows:
d When the mean values for the individual segments
were provided (eg, pSFA and mSFA separately), the
values were averaged to provide a single value for the
paired category.
d When the mean value was presented for only one of
the paired segments, the single value was recorded
for the paired category (eg, data available only for
dSFA were categorized as dSFA/pPA).
d When the mean value was reported for the larger SFA
or PA, the value was categorized as pSFA/mSFA or
dPA, respectively. No value for dSFA/pPA was
recorded due to their anatomic inclusion in both of
the listed arterial segments.
Additionally, an overall maximum and minimum value
for each deformation within each arterial segment was
calculated using the following methodology:d For each source, the statistical range was reported as
“mean 6 1.5 standard deviations.”
d Author-speciﬁc maximum and minimum values were
selected from the calculated statistical range and
author-reported ranges (if available).
d Overall maximum and minimum values were then
selected from author-speciﬁc values.
d For axial shortening, reductions in length were re-
ported as positive percentage values. A negative calcu-
lated statistical minimum (mean e 1.5 standard
deviations) would suggest elongation. As a result, any
overall minimums were set to the smallest positive
minimum value for a given segment.
RESULTS
Final literature database
The literature database consisted of 12 articles and
three conference presentations.6-26 Table I lists the
authors of the articles in alphabetical order, along with
a legend containing author acronyms and publication years
for each source. The presentations were grouped with the
associated article because they typically contained more
data than the article by the same author.
Four of the authors listed in Table I were not included in
the ﬁnal analysis because the data or methods reported in
their articles were not directly transferrable to the previously
identiﬁed deformation modes. For example, it was difﬁcult
to determine which arterial segments were measured in the
1994 article by Wensing et al15 and whether two-
dimensional (2D) or three-dimensional (3D) methods
were used to analyze the images. Additionally, Wood
et al14 and Smedby et al17 investigated aspects of the SFA
in the supine position only; thus, no strain data were avail-
able. Diaz et al12 examined the effects of ﬂexion on bare
PA tortuosity using dynamic angiography. However, the
method to evaluate “hinge points”12 was not directly
Fig 3. Differences in study design variables of image modality (x-axis), physiologic setting (y-axis), and limb
positioning (top) for the eight articles in the ﬁnal literature database. See Table I for the author acronym key.
CT, Computed tomography; MRA, magnetic resonance angiography.
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sion of these four articles reduced the ﬁnal literature
database to eight articles (listed in bold in Table I).
Variations in study design
Fig 3 presents the different imaging techniques
(x-axis), physiologic models (y-axis), and limb positions
(box) of the eight articles, as discussed below.
Imaging techniques. Five studies collected and
analyzed 3D reconstructed image data. Three (RB, CC
10, CC 06) used magnetic resonance imaging (MRI) to
investigate one or more deformation modes, AK used 3D
X-ray angiography, and AG collected 3D computed tomog-
raphy (CT) data. RB restricted the analysis to 2D transverse
slices of the MRI data to capture changes of the lumen
perimeter due to pinching. The remaining three sources
(AN 11, AN 08, HS) used 2D X-ray data, which included
ﬂat-plate X-rays, ﬂuoroscopy, cineangiography, and digital
subtraction angiography, with views limited to a sagittal slice
of the supine and ﬂexed knee/upper thigh. In general, axial
shortening and bending data were extracted with 3D or 2D
imaging modalities. Twist data were only provided by
sources using 3D imaging modalities.
Physiologic model. The physiologic state of the SFA/
PA widely varied across the studies, ranging from cadaveric
specimens to living patients, young to mature patients, and
diseased to healthy arteries. These variations were also
coupled with a limited number of study participants or
cadaveric models, resulting in a small sample size for each
study. An average of 10 patients or cadavers were studied
in each publication, with an average of only 13 limbs per
study to compare for the ﬁnal review.
Not all arteries were stented. Moreover, in two of
the four studies that evaluated stented arteries, themanufacturer of the implanted stents was not provided,
nor were we able to determine the relative ﬂexibility of
the stent design. Furthermore, all four articles with stented
artery data mixed overlapped and nonoverlapped measure-
ments to determine average magnitudes in deformations.
AG also averaged data from lesions that extended across
multiple arterial segments (eg, “mid-thigh” data were aver-
aged with data taken from a lesion located “behind the
knee”), further confounding the data.
Limb positioning. Seven of the eight studies evalu-
ated arterial changes in a supine and ﬂexed position; only
RB limited their analysis to a relaxed, supine position and
had participants contract the thigh muscles without
dynamic motion. Of the studies that imposed ﬂexion to
simulate daily activities, the degree of ﬂexion varied to
simulate walking, sitting or stair climbing, or both. Hip
and knee bend angles to simulate these leg positions
were also different. AN and HS used 70/20 and 90/
90 knee/hip bend angles for walking and sitting/stair
climbing, respectively.29 AK and AG approximated
a 90/40 position, also known as a “Fig 4” knee bend.
CC used different ﬂexed positions for the 2006 and 2010
studies: the younger patients bent their leg into a fetal
position, whereas the older patients ﬂexed to a 90/40
bend, respectively.
Anatomic deﬁnitions. The deﬁnition of each arterial
segment was different for each study, as highlighted in
Fig 1, b. Three articles provided clear anatomic markers
to deﬁne the start and end points of each arterial segment
evaluated. The remaining articles did not provide clear
deﬁnitions or sufﬁcient details to ascertain where each
arterial segment was anatomically located. None of the
authors in the ﬁnal database referenced the AH. Only AN
used the patella as an end point for the pPA in their studies.
ba
Fig 4. Summary of axial shortening data for (a) walking and (b) sitting/stair climbing positions from the literature
database reports values from each article, as well as the maximum value for stented and bare artery data from the entire
literature database. See Table I for the author acronym key. dPA, Distal popliteal artery; dSFA, distal superﬁcial femoral
artery; mSFA, midsuperﬁcial femoral artery; pPA, proximal popliteal artery; pSFA, proximal superﬁcial femoral artery.
Table II. Summary of all nonradial deformation dataa
Variable pSFA/mSFA dSFA/pPA dPA Referencesb
Axial shortening, %
Sitting/stair climbing 6.14 (0.4-29.5) 13.9 (1.5-26.0) 12.3 (3.5-18.5) AN 11, AG, HS, AN 08, AK, HS, CC 06
Walking 4.0 (0-11.0) 8.1 (1.8-21.5) 7.7 (0-16.5) HS, AN 08, CC 06, AK, HS, AN 08,
AN 11, AG 11
Axial twist, /cm 2.1 (0.1-5.4) - 3.5 (0.6-6.3) AK, CC 10, CC 06
Bending radius of
curvature, mm
72.1 (19-206) - 22.1 (13.0-33.8) AG, AN 11, HS, CC 10, AK
Local compression (percent
change in aspect ratio), %
- 4.6 (4.5-4.7) 12.5 (12.4-12.6) RB
dPA, Distal popliteal artery; dSFA, distal superﬁcial femoral artery; mSFA, midsuperﬁcial femoral artery; pSFA, proximal superﬁcial femoral artery.
aThe mean and range are reported, with maximum and minimum values inclusive of all reported values and mean values 6 1.5 standard deviations.
bSee Table I for author key.
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mation of lesion location on the overall limb) and did not
specify the arterial origin.30 HS did not specify the start or
end points of each artery, so the marker stents shown in the
2005 presentation images were used to approximate arte-
rial segments.
The anatomic discrepancies were often associated with
the type of imaging modality used. The use of 3D imaging
by AK, CC 10, and CC 06 limited the anatomic markers to
arterial branch points because only the artery centerline was
reconstructed for analysis. These branch points do not
necessarily overlap with the muscle and bone markers as
used in clinical deﬁnitions. For example, the DGA branches
off the SFA a few centimeters superior to the AH
(Fig 1, a).27 Variations among the studies that used 2D
X-ray data were mostly due to different choices for
anatomic markers or a lack of speciﬁcs provided by authors.
Reported data
A summary of the data is in Table II. Below is
a discussion of reported values for each nonradial defor-
mation mode.Axial shortening and elongation. Seven authors re-
ported axial shortening. One reported strain for a walking
position, three reported strain for the sitting/stair climbing
position, and four reported strain for both. AG, CC 06,
and AK were the only authors that noted a single instance
of elongation upon ﬂexion; all of the rest of the lesions
experienced axial shortening. Mean data from these articles
are summarized in Fig 4, with stented and bare artery data
demarcated. The maximum reported axial shortening value
of all sources was noted for stented and bare artery data for
each category.
Bending. Six authors quantiﬁed bending using
a variety of methodologies for measurement, including
bending radius (ﬁtting a circle to the centerline or inner
edge of the vessel), bending angle (approximate angle
between the start and end of the arterial segment and
central point), and curvature (inverted radius of curvature
often averaged over a certain interval spacing for an entire
vessel segment).
The interval spacing over which curvature was
measured was different for the three sources that measured
curvature. AK reported the average of curvature over
Fig 5. Bending data are summarized for stented and bare vessels.
Adjustments were made to the data to produce centerline bending
radius magnitude, as discussed in the text. Only AG provided
maximum and minimum measurements, with a minimum
measured radius of curvature of 17 mm in the “mid-thigh” region.
Also note that the ranges of the magnitudes for the stented and
bare overlap were the same. See Table I for the author abbreviation
key. dPA, Distal popliteal artery; mSFA, midsuperﬁcial femoral
artery; pSFA, proximal superﬁcial femoral artery.
Fig 6. Summary of axial twist data for the femoropopliteal artery
includes mean values for each source and maximum measured
values from all sources. Only bare artery data are available at this
time. See Table I for the author abbreviation key. dPA, Distal
popliteal artery; mSFA, midsuperﬁcial femoral artery; pSFA,
proximal superﬁcial femoral artery.
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maximum curvature and minimum bending radius with
5-mm spacing. CC 10 used a cost function to calculate
an appropriate interval size and reported the maximum
change of curvature for each arterial segment.
As previously stated, the reported bending data were
converted to provide consistency in the results. Data
provided by AG were converted to calculate the average
minimum bending radius values and regrouped by clinical
descriptions of lesion location. Data for pSFA/mSFA
included data from participants with “upper thigh,” “near
hip,” and “groin” locations, “mid-thigh” locations were
included as dSFA/pPA, and “behind the knee/popliteal”
data were classiﬁed as dPA.
All available sitting/stair climbing data are summarized
in Fig 5. No bending data were available for the dSFA/
pPA. Only AN 11 reported a value of 93 mm for dPA
(walking), with no data captured forSFA/pPA. CC 06
measured the “straightness” of the SFA and found no
notable deviation in young, healthy participants. Because
these data did not indicate how bent the artery was, they
were not included in Fig 5.
Twisting. Only three authors, who used 3D image
data, reported twist measured in bare arteries. Fig 6
summarizes the data reported.
Pinching (local compression). Pinching was charac-
terized geometrically in two studies, both of which evaluated
the change in the lumen cross-section due to muscle
compression. RB determined the change in aspect ratio for
bare arterieswas statistically signiﬁcant for thedSFAandpPA,
with a change from 0.88 to 0.77 from a relaxed to a ﬂexed
thigh muscle state. AG measured the change in eccentricity
from supine to a “Fig 4” knee bend for stented arteries, with
overlapped and single-stented lesions. The change of
eccentricity after ﬂexion increased on average by 10%.DISCUSSION
The SFA/PA segment is different from the other
vascular beds, such as coronary and iliac, because it deforms
signiﬁcantly due to musculoskeletal motion in addition to
cardiac pulsatility. Although there appears to be an abun-
dance of data from studies conducted to characterize the
musculoskeletal motion in the SFA/PA, the differences
and limitations of the studies prohibit the reader from
drawing conclusions about how the deformations affect
stent performance. We need a better, quantitative under-
standing of those deformations to improve the develop-
ment and evaluation of stents and other therapies for
treating PAD in the SFA/PA. The lack of biomechanical
information contributes to the limitations of preclinical
evaluation. As a result, there is no gold standard durability
and fatigue assessment that adequately predicts clinical
performance of therapies for PAD.
Small sample sizes required us to pool several different
studies to evaluate data from a larger host of patients. The
results from the studies vary widely because of the lack of
uniformity among deﬁnitions, imaging modalities, physio-
logic setting, and limb positioning.
For example, MRI-based imaging potentially underes-
timates the axial and bending deformation in the dSFA
because the authors used the DGA, which is superior to
the AH, as a cutoff point. Moreover, none of the authors
used the AH as an anatomic marker. Because a signiﬁcant
amount of bending and twisting occurs below the AH,
this landmark might be important in deﬁning the different
SFA/PA regions. Only AN speciﬁcally isolated the pPA,
using an appropriate bone marker (3 cm above the inter-
condylar fossa) according to our previously stated deﬁni-
tions. Furthermore, these data do not provide a sufﬁcient
description of how the artery behaves as it transitions
from the SFA to the pPA through the AH, nor is there
Table III. Suggested elements for future imaging studies
involving arterial deformations
d Use of a single stent design with known mechanical properties
d Evaluation of the effect of overlapping stents
d Inclusion of data from patients requiring stents
d Use of three-dimensional imaging modalities
d Standardized approach to applying limb motion
d Segmenting the data by speciﬁc anatomic location
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undergoes more or less severe deformation than the rest
of the PA. We further distorted the data because only
one datum was used in multiple segments due to the lack
of consistent terminology. Similar disparities in the avail-
able clinical data have spurred working groups to stan-
dardize the terminology of the anatomy of the peripheral
vasculature.
Limitations of the 2D techniques further confounded
the data. The authors who used 3D reconstruction were
able to determine changes in length along the centerline
for axial shortening, providing a more accurate assessment
of strain. 3D reconstruction also captured the bending of
the artery in all directions, thereby providing a more accu-
rate evaluation of vessel tortuosity. Finally, 3D reconstruc-
tion captured twisting because the authors were able to use
arterial markers (eg, ostia) for tracking between the two leg
positions. Unfortunately, vessels are not reconstructed with
2D imaging. Thus, the 2D data resulted in a limited view of
the vasculature during ﬂexion, potentially underestimating
the minimum bend radius or maximum axial shortening
because the SFA/PA can deform out of plane.
In addition, the physiologic setting also varied greatly.
There were a variety of vessel types, bare and stented, young
and mature, diseased and healthy, and living and cadaveric.
The vessel type affected our ability to compare deformation
magnitudes across different pools of data. Bare arteries
(whether older or diseased) tend to be more compliant
than stented arteries; as such, the deformations reported
might be an overestimation of stented artery deformation.
Further, the measurements from stented arteries are difﬁ-
cult to generalize because the type of stent was not always
known, nor did the authors discuss stent ﬂexibility and
how that affected deformation magnitudes. Another incon-
sistency was overlapped stents; there was no clear reporting
on when overlapped stents were grouped with nonoverlap-
ped stents. Moreover, some of the data were collected from
only young, healthy vessels, which have markedly different
properties than mature, diseased vessels, including less
distensibility and ﬂexibility. The twisting data, for example,
were collected from bare arteries only.
Limb positioning (ie, the angle to which the hip and
knee were bent) likely affected the magnitude of deforma-
tion observed. Some studies quantiﬁed the deformation
under simulated “walking” hip and knee bends (70/
20)9,13; others quantiﬁed deformation under simulated
“stair climbing/sitting” hip and knee bends (90/
90),6,7,9 and some bends were as extreme as a fetal posi-
tion,10 although these patients were young. These differ-
ences affected our ability to combine the data collected
from multiple studies. Thus, we report magnitudes of
deformation with large variations, making it difﬁcult to
pinpoint an accurate representation of the biomechanical
environment.
The lack of data at conditions simulating walking or
sitting/stair climbing also contributes to our ability to
determine testing conditions that are clinically predictive.
To adequately simulate the fatigue modes for accelerateddurability and computational modeling, certain parameters
are needed: loading magnitudes, direction, and cycle
number. When fatigue evaluations are conducted, walking
and sitting/stair climbing loading should both be evalu-
ated because it is not evident which simulated activity is
more critical for fatigue. With respect to cycle numbers,
walking has been reported to be approximately 10-fold
that of sitting/stair climbing; however, sitting/stair climb-
ing consistently results in larger magnitudes of loading.
Data are therefore needed to characterize both conditions,
which was not captured for each deformation mode.
Although we are not able to report exact magnitudes
and cycle numbers for the evaluation of therapies for
PAD in the SFA/PA, we can summarize the trends and
limitations in the existing data. The trend in axial short-
ening is toward lower magnitudes for stented vessels
compared with bare vessels and higher magnitudes in
more distal regions of the mSFA segment. The data for
elongation were not sufﬁcient to conclude any trends
because they were not reported in all studies. It is not clear
whether this was because elongation was so small that it
was not measurable or because it was not investigated.
Regarding bending, the trend is toward a smaller radius
of curvature (ie, more bending) in the dSFA/pPA but not
between stented and bare arteries. We thus conclude that
stented vessels could bend as much as bare vessels if the
stent were ﬂexible. However, because many measurement
techniques were used to calculate bending, directly
comparing the results from each study was difﬁcult. For
example, AK reported mean curvature, which potentially
underestimated the severity of the bending, whereas AG re-
ported minimum radii of curvature, providing a conserva-
tive estimate of bending.
As for twisting, there was no clear trend across the
studies, and all the data are from bare arteries. Note that
because arterial branches are used as anatomic markers,
all dSFA/pPA data terminate above the AH at the DGA,
potentially underestimating the amount of twisting that
occurs when the SFA exits the AC, becoming the pPA,
and traversing the knee joint.
Regarding pinching, AG’s percentage eccentricity and
RB’s percentage aspect ratio changes both demonstrate
a greater deviation in circular shape of the dSFA/pPA
than the pSFA/mSFA and dPA. RB’s data were measured
from bare, young arteries, whereas AG’s data included
stented arteries. However, the anatomic locations of AG’s
data are unclear, and the use of both single and overlapped
stents muddles the interpretation.
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data collected, several key design considerations, outlined
in Table III, become evident for future studies. It would
be valuable to investigate the deformation of unstented
diseased arteries under ﬂexion and then assess the changes
when a stent is implanted. Further considerations for
a study include adequate sample size, representative patient
population, appropriate imaging modalities, walking and
sitting/stair climbing positions, and clearly deﬁned
anatomic segments.
An important study that could further our know-
ledge would include a sufﬁcient number of relatively
homogeneous patients receiving the same stent type. A
single stent design with known properties could be used
as a “strain gauge” to help quantify deformations and
underlying forces. The study could additionally consider
the effects of (or completely exclude) overlapping stents
to speciﬁcally evaluate overlap regions.
Moreover, with increasing age and subsequent reduc-
tion in elasticity, an increase in tortuosity can be seen in
older patients with PAD.15 Thus, to capture data represen-
tative of the patient population, patients requiring stents
could be evaluated. This would help address some of the
key disparities in the existing data that stem from
combining young/old, healthy/diseased, and stented/
nonstented individuals.
One way to best quantify the deformation in all direc-
tions would be to use 3D imaging methodologies. Bending
and twisting, for example, impose deformations that can
occur out of the imaging plane. To date, our knowledge
of twisting of the SFA/PA has only been evaluated for
bare arteries.
It might also be important to include a clearly deﬁned
and consistent approach for collecting data that represents
both walking and sitting/stair climbing, or for conditions
that represent daily activities of patients with PAD. By
capturing similar data across multiple patients, one can
better understand the range of motion and forces within
the population.
Finally, it might also be important to clearly deﬁne,
analyze, and report the data for the different segments of
the SFA/PA such that one can discern local deformation.
Different regions are expected to deform differently (eg,
upper thigh vs behind the knee). Having those data enable
evaluation of stents according to conditions expected for
speciﬁc indications. Given recent attempts to standardize
deﬁnitions of the peripheral vasculature, it might be
possible to use anatomic deﬁnitions that are more easily
identiﬁable by using landmarks that are visible with current
imaging (eg, bone markers rather than nonvisible locations
of ligaments).
It is important to note that the clinical signiﬁcance and
consequence of these complex deformations, especially
with respect to stent fatigue and fracture, are not well
understood. As described above, stent fractures can occur
as a result of these complex deformations. However,
controversy remains about how signiﬁcant various fracture
types are in contributing to clinical sequelae and whetherthey are independently associated with and cause clinical
sequelae or are merely a consequence of the initiating
forces that lead to sequelae. If we better understood the
clinical signiﬁcance of fracture types, this would help us
better deﬁne more meaningful acceptance criteria for stent
fatigue evaluation, whether from a physical test or a compu-
tational simulation, ultimately leading to the design of
more robust stents.
CONCLUSIONS
A review of the current literature regarding the
biomechanical environment of the SFA/PA reveals hetero-
geneous study designs that confound interpretation.
The level of heterogeneity limits our understanding of
the stent deformations and prevents pooling and direct
comparisons of the data. The available data demonstrate
that deformations vary according to the speciﬁc anatomic
location within the SFA/PA. Further, the amount of defor-
mation will vary depending on host factors, such as age,
presence of atherosclerotic disease, or the presence or
absence of a stent, inherent to the vessel being studied.
Review of the literature revealed trends in understanding
the anatomic and physiologic environment of the vessels,
but more importantly, it has provided direction for future
study considerations based on inconsistencies in the current
knowledge base. At a minimum, standardization of the
anatomic boundaries of the arterial segments is necessary,
with landmarks more universally identiﬁable by the
imaging modalities that will be used by future studies.
Further, there is a need for standardized ﬂexion angles
for the measurement of deformation across simulated daily
activities.
Knowledge from the investigation of the physiologic
milieu of the SFA/PA can be extrapolated to nonclinical
evaluations of stents to design testing that will more closely
predict stent performance in vivo. With the ability to
predict stent fracture, it might be possible to discover the
relationship between fracture and the clinical sequelae
that are observed and associated with stent fractures and,
ultimately, determine causality or the lack of causality. Ulti-
mately, with a robust characterization of the biomechanical
environment of the SFA/PA, better and safer stents could
be developed to improve clinical outcomes in an area of
great clinical need.
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